We explore the structural, electronic, mechanical and thermoelectric properties of a new half Heusler compound, HfPtPb which is all metallic heavy element and has been recently been proposed to be stable [Nature Chem 7 (2015) 308]. In the present work, we employ density functional theory and semi-classical Boltzmann transport equations with constant relaxation time approximation. The mechanical properties such as Shear modulus, Young's modulus, elastic constants, Poisson's ratio, and shear anisotropy factor are investigated. The elastic and phonon properties reveal that this compound is mechanically and dynamically stable. Pugh's and Frantsevich's ratio demonstrates the ductile behavior and Shear anisotropic factor reflects the anisotropic nature ofHfPtPb. The calculation of band structure predicts that this compound is semiconductor in nature with band gap 0.86 eV. The thermoelectric transport parameters such as Seebeck coefficient, electrical conductivity, and electronic thermal conductivity and lattice thermal conductivity have been calculated as a function of temperature. The highest value of Seebeck coefficient is obtained for n-type doping at optimal carrier concentration (10 20 e/cm 3 ).We predict the maximum value of figure of merit (0.25) at 1000 K. Our investigation suggests that this material is n-type semiconductor.
2 adequate steps to reduce the energy consumption. In fact, a large part of energy consumption is lost in the form of heat and the efforts are being made to exploit those energy materials which act smartly in response to the external fields like light, temperature and pressure.
Types of materials which work on the basis of temperature gradient are thermoelectric (TE) materials. These absorb waste heat and convert it into electrical energy or vice versa. In last few decades, several materials have been studied experimentally as well as theoretically and some have been found to be highly efficient such as Bi 2 Te 3 , Sb 2 Te 3 , SnSe, PbTe, PbS [1] [2] [3] [4] , etc. However, under conditions of high temperatures, oxidation, and high toxicity, their poor chemical and physical stability limits their technological applications [5] [6] . Over the last few decades the research interest has been focused towards the half-Heusler (HH) compounds not only due to their mechanically and thermally robust properties [7] [8] [9] [10] but also because of their environment friendly constituents.
Among all HH compounds, those with total 18 valence electron counts are of particular interest as they exhibit semiconducting behavior in accordance with Slater Pauling rule [11] . An analysis of electronic band structure calculation suggests that the HH alloys with narrow band gaps are efficient TE materials [12] [13] . The efficiency of a thermoelectric material is measured in terms of dimensionless figure of merit ZT = S 2 σT/κ, where S is the Seebeck coefficient, σ is the electrical conductivity, and κ is the total thermal conductivity constituting sum of contributions of electron (k e ) and lattice (k l ) thermal conductivities [14] .
Efforts to optimize ZT can be carried out by two methods (i) phonon-phonon scattering and
(ii) electronic-band engineering. Both Seebeck coefficient and phonon scattering could be enhanced by doping heavy elements which could modify the band energy near Fermi level.
The intermetallic HH semiconductor such as NiTiSn and (Ti,Zr)CoSb have emerged as successful thermoelectric (TE) materials with large Seebeck coefficients, large thermopower and moderate electrical conductivity [15] [16] . However, the major concern is their relatively high value of k l which is of the order of 10-15 (W/mK) which affects the efficiency for thermoelectric conversion [17] [18] [19] .
Hohl et al. [20] reported a reduction of k l from 10 to 6 (W/mK) in ZrNiSn with Hf doping at Zr-site. This decrease in value of lattice thermal conductivity is due to the mass disorder at Zr-lattice that creates phonon scattering. 
Calculation Details:
The calculations were carried out by using the pseudo potential plane wave method implemented in Quantum Espresso simulation package [31] simulation package. The electron exchange-correlation potential was treated within generalized gradient approximations (GGA)
in the form of Perdew-Burke-Ernzerhof scheme [32] . The first Brillouin-zone integration was approximated by 1000 optimized k-points that generate 10x10x10 Monkhorst-Pack meshes [33] . The energy convergence criterion for self-consistent calculation is 10 -4 Ry. The ground state optimized lattice constant was calculated by relaxing the unit cell volume based on
Murnaghan's equation of state [34] . The lattice dynamical properties have been calculated in 4 term of phonon frequencies as a second-order derivative of the total energy with respect to atomic displacements within the frame work of DFPT [35] .
BoltzTraP code [36] is based on Boltzmann theory and calculates various band structure dependent quantities such as electrical conductivity (σ) and electronic thermal conductivity ( ) within constant time approximation and rigid band approximation [RBA] [37, 38] . BoltzTraP code can analytically represent these band energies with a smoothed
Fourier interpolation and thereafter we can obtain the necessary derivatives such as electron velocities for transport properties. The electrical conductivity (σ) and Seebeck coefficient (S) as function of group velocity ( ) are expressed as
where N, τ, ε, α and β, α , are the number of k points sampled, relaxation time, band energy, tensor indices and a component of the group velocities respectively.
Further group velocity could be written as
The transport coefficients are a function of temperature and chemical potential and can be calculated by integrating the transport distribution [37] :
where e, k 0 , Ω, μ and μ are the electronic charge, the electronic part of thermal conductivity, volume of unit cell, chemical potential, and Fermi -Dirac distribution function, respectively. The electrical conductivity (σ) is expressed in terms of the ratio of σ/τ. To calculate the electrical conductivity of the system, we have used the relaxation time τ=10 -14 sec.
We have also used ShengBTE [39] code, based on phonon Boltzmann transport equation (pBTE) for the calculation of lattice thermal conductivity for further confirmation. This code includes second-order (harmonic) and third-order (anharmonic) interatomic force constants [40] . The methodology used in this work has been discussed 5 elsewhere [41, 42] . 
Results and

Mechanical properties:
The calculated mechanical properties like elastic constants, Shear modulus (G) and Bulk modulus (B) are listed in Table 2 . The elastic constant (C 11 ) describe the stiffness against principal strains and C 44 shows the resistance against shear deformation. A fragile material has large value of G/B which is unfavorable for thermoelectric application. The mechanical properties of HfPtPb are checked by using Born-Huang stability criteria [44] :
C 11 -C 12 >0, C 11 >0, C 44 >0 and (C 11 +2C 12 )>0
The elastic constants in Table 2 which is greater than 1 [48] . Therefore, this compound is purely anisotropic material. The obtained value of Poisson's ratio is 0.29, which concludes that interatomic forces of this compound are central forces [49] . The ratio of bulk and shear modulus is called Pugh's ratio [50] , which gives the estimate about brittle and ductile nature of the materials. If Pugh's ratio > 1.75 [50] , then the material will be ductile in nature, otherwise corresponds to brittle nature.
Since the Pugh's ratio is 2.14, this means that this compound is ductile in nature. The inverse of Pugh's ratio is called Frantsevich's ratio (G/B). The calculated value of Frantsevich's ratio is 0.46 which is less than 1.06 [51] indicating that these materials have low resistance against shear deformation and hence are ductile in nature. 
Phonon properties:
In order to investigate the structural stability of the system, a phonon dispersion curve has 8 been plotted based on the harmonic force constants as obtained in Quantum Espresso package.
The result of phonon band and phonon DOS has been presented in Fig.2 . The high-symmetry phonon dispersion band occurs along the Γ-point [ Fig. 2 ]. The presence of phonon dispersion in positive frequency range confirms the thermodynamic stability of our system [ Fig.2] . The three atoms in the primitive cell of HfPtPb yield nine phonon modes (three acoustics and six optical modes) similar to HfNiPb [52] . The maximum contribution to the heat transfer comes from the acoustic modes due to their strong dispersion and large group velocities. The maximum amplitude of acoustic frequency is ~100 cm -1 , in good agreement with 120 cm -1 of
HfNiPb [52] . The mixing between the acoustic and the optical branches gives a considerable phonon-phonon scattering, which results in low thermal conductivity of the compound [53] . and temperature
The ZT value above ~1 is the benchmark for the materials to exhibit good practical applications. In Fig. 4(a) , it is observed that with increases in temperature, the value of Seebeck coefficient increases and at high temperature the value of Seebeck coefficient decreases because of presence of minority charge carriers. The negative value of Seebeck coefficient indicates that the charge carriers are electron. The material is n-type semiconductor. At room temperature, the calculated value of Seebeck coefficient is -312.09μV/K which attains peak value at 1000 K. Fig. 4 (b) depicts the electrical conductivity (σ) to have a decreasing trend at low temperature which could be easily explained as follows.
The electrical conductivity depends directly upon carrier concentration and mobility.
However, as the mobility (μ) is inverse function of the temperature, the electrical conductivity is expected to decrease at low temperature. At 1000 K, the electrical conductivity begins to increase with temperature. The room temperature value of σ is 7.32x10 3 (Ωm) -1 . Fig 4(c) shows that, the electronic thermal conductivity increases with increase in temperature. Fig   4(d) Knowing all the transport parameters such as Seebeck coefficient, electrical conductivity and total thermal conductivity, a dimensionless figure of merit ZT has been calculated and presented in Fig. 5 . The maximum value of ZT is obtained at 1000 K which is equal to 0.25. 
Conclusion
The structural, mechanical, electronic, phonon and thermoelectric properties of HfPtPb have been studied for the first time within the frame work of DFT. The calculated equilibrium lattice constant is found to agree well with the previously reported value. The elastic constant values and phonon calculations indicate that, HfPtPb is mechanically and thermodynamically stable. The electronic band structure calculation indicates it to be a direct band gap semiconductor. In relation to energy band, we have computed the thermoelectric properties. A theoretical analysis presented here predicts HfPtPb to be a possible novel thermoelectric material with low value of lattice thermal conductivity, ~ 9.9 W/mK at room temperature. The maximum value of ZT=0.25 has been obtained at 1000 K. We believe that our theoretical results may provide a good reference data to experimentalists to design nanostructure HH compounds exhibiting low thermal conductivity for thermoelectric applications.
